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Abstract In order to increase the accuracy of radiative transfer calculation without increasing calculation cost, a method using
the single-layer four-stream spherical harmonic expansion approximation combining with the two-stream adding algorithm has
been built in this paper. Then, the four-stream spherical harmonic expansion approximation was compared with the traditional
Eddington approximation and the four-stream discrete ordinate approximation by using the 48-stream discrete-ordinate approxi-
mation method as a standard reference. The results of the upward and downward radiative fluxes as well as the heating rates in
the real atmosphere have been shown. For clear sky, the differences between the Eddington method, four-stream spherical har-
monic expansion approximation, four-stream discrete-ordinate approximation, and the standard results are all less than 0. 3 K/d
for heating rates, and less than 1% and 0.6% for the upward and downward radiative fluxes, respectively. It shows that the
three methods have no large difference for heating rate calculations. The two four-stream approximations are a little more accu-
rate than the Eddington method for flux calculation in clear sky. For cloudy sky, the differences of heating rates between the
two four-stream methods and the standard results are all less than 1% at the top of the cloud, whereas these differences be-
tween the Eddington method and the standard results are large than 5%. Therefore, the four-stream spherical harmonic expan-
sion approximation built in this paper can be applied to the radiative transfer model to improve the accuracies of the whole radia-
tion calculation for clear sky and the heating rate calculation for cloudy sky without increasing large costs.
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Fig. 2 As in Fig. 1 but for the downward radiative flux in clear sky

B3 g5t TRk m e aE . 548
it DISORT 4 565 4% i 5 28 0 45 B AH Eb » K BH K Tl £
7 0°H}, Eddington 3L PY 7% BR 1B o6 %5 DY 9 5 HE
AL bR 3 g A% i 7 % Eddington 3L 1) fi K
BN —1.92 W/m?, DU it 5K pR B0 1 o K R 22
Jy=1.62 W/m?, VUi &5 BN AL bR 25 1Y die KR 22
2.17 W/m?*, KKK 60°H), Eddington it M)
MR 2E R — 111 W/m?®, DU 3 BRO8 oR 5000k 1) 5
KRZEHR —0.92 W/m*, DU i 25 50N AL AR 5 17 B K
WZER —0.9 W/m?, XJ T W52 [m] b8 S 11 5
3 0 A O 1 R 2 A 25 R R A X R 25 R AR
1% AN,

3.2 BaXHER

A =L AR R o 26 2 2 KRR
HITIHE . ZKEEMaMABCERMNEES Fu
A9 PR E — 3 A SRR S T 1
2km, m KGN 0.22 g/, n AR R
5.89 pm;H i T 4—5 km, =K & 80,28 g/m’,

AR REN 6.2 pm, W T HERE = M5
TGt o, AR T 5 = KA DUA K A X i o
B R mMES 0. 25 km. [l i H /R 16 km AR
AuB Wit ES R, EHSHERES Fu
(1997) —%.,

B A5 TR 00T 2 iy e g, wl
PIFE . 5 48 it DISORT % 5 1% i 7 22 #3225 21
AHLG s K BH R TAf A 0°F , Eddington 3L DY 37t 3K 18
PRI DU B O AL b 3 R AL i O % P Edding-
ton JEAUTE 2= T0U A AR e KR 22 O — 1. 57 K/d, 1fif
VY 378 3R 1 PR SO DY I B AN A b T 1 TE 2 TR o A
FYRT R ZHRAE 0.3 K/d LA s KBHR T ol 60°H
Eddington 31 . DU i BR 18 2R 45, DU I 25 H A A A 3
R G T T E 0 2 IO A SR A 4 ) 1R 25 # /N T
0.2 K/d, %87 K B K T ff b4 /i, Eddington
AR5 1 RS 11 2 TOUfin A 3 1) AR G 58 22 AT AR 3] 56 5 1
(R 0 1 10 A 3K 1 R 50 U 5 IO A A 7 2
AR R 22N 1%,



1262

Height (km)

Height (km)

Height (km)

Height (km)

50
(a)

I
(=}
1

w
(=}
!

o]
(=)
L

0
290

310
50

320

(e)
401
301
204
10
0

130 140 150 160 170
Upward Error (W,/m?)

180

Acta Meteorologica Sinica S 2014,72(6)
6 — 1 - 1
1 - 1 - 1
hrror (W/m Error ( W/m hrror (W/m?)
&3[Rl 1By B 23 ) b 53 A 4

Fig.3 As in Fig. 1 but for the upward radiative flux in clear sky

16
(a)
129
3
4
0 1‘0 20
L

Heating rate (K/d)

12

L

L

2-0.1 0.0 0.1

0.2 0.3

2-0.1 0.0 0.1 0.2 0.3

I
L

-2 1 —0. —0.
-0.2  —0.1 0.1 —-0.2 70 1 0.1 —-0.2 70 1 0.1
Error (K/d) Error (K/d) Error (K/d)

K4 R AH Az R AU BN A B 25

Fig. 4 As in Fig. 1 but for the shortwave heating rate in cloudy sky



5k ARSE L 20 )2 Y U BRH R R T 0 Rl A DR S A K R A iz 1263

K5 g5t 1A o KA ) e 2 iE & L
B, ATLAE .5 48 it DISORT 48 5 1& i 5 & 1n)
T S 2 SR L, K PR T A O 0°HY . Edding-
ton T BL . VU 3 BRIE pREL L DU I 2 N AL AR 3 B A 4
kit 55 5 b, Eddington 3T Bl i K iR 22 K
—13.6 W/m*, VU i BR 5 oA B0k B KR 2N
5.13 W/m”, U i 25 #l 9\ Ak bR vk 19 B KRR 2N
40.87 W/m?., Wi FH KT /A & 60° 1}, Eddington
T R IR 25k — 6. 64 W/m?, U I BR 8 bR Bk
Bt R R —13.26 W/m”, DU i B H O A8 AR ik 1)
R R 9.82 W/m*, M KBHKIA K 07,3
ol Bt A s 8 T B I e DR I o A 0 e K 2
AR IAE = T T — J2 KR, A B Eddington J5
S0 e R 25 50 A A T A b O A S AL A Bk

I R 2200 R A .t B3 22 551 %) Ji PR AT e 55 A R
By I 56 PR DU I 7 8 ER K A eR BRI AR
4 3, 5 Eddington i 7 S AH L Z R IF T B,
I T B 3 B 22 A I ) HORT DT 38 B = TR — )2
P18 B8 S 38 i AF R 38K o T A AT 6 S A o e
FARSR RS 0 7 2 AH VG BC Y S0k R e F 58
WA mmESEE. SR TRZENR RS Z)ZE 20
FIE (A DG PE 38 5 PO B R I 1R 22 o T 24 K P R T
A 60°H] , Eddington 3T {BUF1 PO 3 BR 18 bR EE 1B
V18 e T8 1) i S i ) i R 2 8 s BLAE 2 IO A
JE RS Fe KR 220 T 5 1 DY I BROE R A 10
(1) R S e RIRZE B AT — 2R
e RIR 2N IE(H,

16
(a) (b) c) (d)
124
El
=
P
=
20
[
T
4
0 ; ; ; ; ;
0 500 1000 1500 —15 —10 =5 -2 0 2 4 6 0 10 20 30 40
16
(e) (®) (2) (h)
12 4
el
&
B 8
[
i
4
0 200 400 600 800 =10 =5 0 =15 =10 -5 0 -5 0 5 10

Downword radiative flux (W,/m?) Error (W/m?)

Error (W/m?) Error (W/m?)

BI5 TP 1 AHON A 2 R ol A S A i 45

Fig.5 As in Fig. 1 but for the downward radiative flux in cloudy sky

P 6 45 A 25 R U I 1) A A R
TR 5 48 3 DISORT 46 84 5 77 58 1) L 58 5
A R HE L R B R T 9 0 Eddington 6

DU L BRIEE PR DU L B HOON Ak bR 3 Fh AR B AL O %
#, Eddington iE {0l i e KiR 228 —12.63 W/m*, )Y
TRER I oA B 1 e RAR 2286, 79 W/m* L U i B 1L



1264

K2 2014,72(6)

Acta Meteorologica Sinica

(a) (b) (¢) (d)
12
El
2
8
=
b
[}
=
41
0 T T :
0 500 1000 —15 -10 =5 =5 0 5 10 0 10 20 30 40
16
(e) (f) (2) (h)
12 4
El
=
% 8
()
s
4 4
0 200 400 600 —10 =5 0 —15 -10 =5 0 =5 0 5 10 15
Upward radiative flux (W,/m?) Error (W/m?) Error (W/m?) Error (W/m?)

K6 (R 1B A 25 KA I a) b 6 I a0 o 45 4R
Fig. 6 As in Fig. 1 but for the upward radiative flux in cloudy sky

PNAB BRI fie KR 255 43,57 W/m® 5 K BH K 10 £
2y 60° B}, Eddington & I B & K ® 22 K
—6.71 W/m", JY i BR 5 ok Ik oK IR 2N
—10.76 W/m* , PU i BB AL AR Ty i 1 B KR 25
11.53 W/m®, fe iR 22 30 8 5 IF 0 4
If) T 4 S 2 0 1 0 — 3K

MIE S F1 6 "] LLFE . 5 48 i DISORT 48 &4
L4 7 22 45 W M8 1. Eddington 3 L. PY % Bk 1% B8
B VUGBS AL bR 3 AR S AL e R AE = T
V18 B8 S8 300 11 5 2 5 R o AR [ L B S o R R
A DR 2 B . AR A S Y
B A T R R T A e ) B S R L B A
2 T JI0 AR A vy R 400 T )2 1) i A 3 S 1 L T
WAEE 7 25 T 48 i DISORT B33 11 54 1) 46
HehgE ihm UL I Eddington 481, PY 7 BR i o8 %%, U
T AN A b R T A v e O ) B S
48 Jit DISORT Bykny2{E. LA G UL E 3 Fis
& T £ 5 48 i DISORT % 4 1% i )7 (W 25

AHEG S 7E K BH R T R 0°B s Eddington 2 {1 5 K
W R 5.6 W/m”, U BRI o6 BOE i KR 2N
—2.22 W/m*, DU & BN AL bR 0 R KR 228
-3.19 W/m?; KR/ & 60°/}, Edington i M)
R KR 2K 0,62 W/m”, DU i BR 8 o B0 10 e K
RN —2.66 W/m”, IU I B BN AL bR 32 1) Je R iR
22h —2.42 W/m® . Al LU L2 K BH K T00A
Sk OCERF b IO 9 4 S 4% B Jr 58 1 580 1Y) 1 A S L it
BT Eddington ¥ s 1 24 X FH K T A1 2y 60° B
Eddington iz Bl i35 i 1 i 5 i i 25 R0 T X
T g 5 %

F 145 T WS 28 AU B0 R A TOURI b 3% 1) 14
SFP3E R LE R A R KT 50 km, AAFR 1 Hra]
DL KB KT A R O, U 37 Bk k5 ok 4503 1) 45 21
328 - Al b v 5 R BH R B Al 60° B, D 9 BR
TR BRI A I g A P T

K2HBTHZRAMWHESER. TUEH,
K BH R T AR SRy O° B o X A TH ) 4 i S 3 6 1 315



5k ARSE L 20 )2 Y U BRH R R T 0 Rl A DR S A K R A iz

1265

16
(a) (b) (c) (d)
124
El
2
S s
b=
=
=
41
100 200 300 400 500 —6 —4 -2 0 —4 -2 0 2 4 4 -2 0 2
16
(e) () (g) (h)
124
El
=
g s
()
s
4,
0 T T T T T :
0 100 200 300 —0.4 0 0.4 0.8 -3 =2 -1 =3 -2 -1
Net radiative flux (W,/m?) Error (W/m?) Error (W/m?) Error (W/m?)
7 R LAESH A 2= KA i o 45 R
Fig. 7 As in Fig. 1 but for the net radiative flux in cloudy sky
£ 1 W FMTFRITAM R G #2 B REET RIBOM R G
AT R A (AL W/ m®) AT R A (AL W/ m®)
Table 1 Comparison of the net flux at TOA with that at Table 2 As in Table 1 but

the surface among the different algorithms
for clear sky Cunit: W/m?)
KIARTif 0° KB R Ty 60°

WERT m wE kAm mk
DISORT 1041.5 769. 2 507. 4 349.2
Eddington -3.7 —-4.4 -0.1 -0.5
DY i BR 18 o 5K 0.3 -0.4 -0.1 -0.3
VU 37 B H A AL AR 1.8 2.0 0.3 0.8

VU AL 1 N A o ik 11 235 R 50 T i Ko el 2 ) v i A
il 4 95 Eddington J7 i 45 R B 5 K FH K TH A
79 6071} . Eddington J5 ik B 45 A 2L T P A DU R 7
HoATRE R TR E RERES T RRR S ZE
U B AN VC P 3 B 5 fEL Rl DU 98 77 i 14 e R iR
ZH/NT 3.3 W/m?,

K 8 45 th TR = A1 = 5 00T 1Y = T $A R B
KBRS A A AL . b m DU H S B2 K BH K T0

for cloudy sky (unit: W/m?)
KPR A 0° KPR T A 60°

S T e

DISORT 498.9 159.3 218.6 53.5

Eddington -1.6 -0.6 0.9 0.7
DY L BR 155 o 5K 1.6 -1.2 -3.3 -1.9
DU 37 B L A R -0.3 -2.8 -2.3 -1.5

AR /N R K BH R T A 119 4% 5% 1 36 RO » = T
I T~ 4 5 RE 1 K R I 2 TR o ARt Bl 2 16
AERE R =00 1 K RTUM KT 60°
i}, Eddington 3 bl 3158 (1 2= T Jin 4% 5 s g T+ 4 b
DU Ts 585 2 R WA /N T 60° /), Eddington it {8131
A TUMPRIT MR T PR R TT 5. 5 48 I
e 53 e i 5 SRR B 2 TOUIN AR L PR IO D7
ST Y TR B R A 4 TR 22 RO B R T A 1 DL



1266

30
(a) low cloud

20+

Heating rate (K/d)

Difference (K/d)

0.2 0.4 0.6 0.8 1.0

cos @

K2 2014,72(6)

Acta Meteorologica Sinica

50

(b) middle cloud

401

30

20+

Heating rate (K/d)

10+

Difference (K/d)

0.2 0.4 0.6 0.8 1.0
cos @

K8 Rz (avo)FIH = (b dDF LT /Y 25 TN $4 3 B K FH R To A 72 Ak
(a.b. 48 it DISORT #5810 = BUMAAFE o d. SR LA A 243 5 2R 77 Eddington T
VU i BRI BRSO DU AL B O A BRI = TN AR 48 Jil DISORT 45 8 i1 22 ()
Fig. 8 Changes in the heating rate at the top of cloud with the solar zenith angle

for low (a,c) and middle (b,d) cloud cases

((a), (b) are the results of the 48-stream discrete-ordinate approximation method; and (c¢), (d) are the

differences between the Eddington method (solid line), four-stream spherical harmonic expansion

approximation (dashed line) and four-stream discrete-ordinate approximation (dotted line), and

the 48-stream discrete-ordinate approximation method, respectively)
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Fig. 9 Changes in the heating rate at the top of cloud with among the liquid water content

for low (a,c) and middle (b,d) cloud cases

((a), (b) are the results of the 48-stream discrete-ordinate approximation method; and (¢), (d) are the

differences between the Eddington method (solid line), four-stream spherical harmonic expansion

approximation (dashed line) and four-stream discrete-ordinate approximation (dotted line) , and

the 48-stream discrete-ordinate approximation method, respectively)
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